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ABSTRACT 
Ball rotating micro-abrasion tribometers are commonly used to carry out wear tests on thin hard coat- ings. In these tests, different kinds of abrasives 
were used, as alumina (Al2 O3 ), silicon carbide (SiC) or diamond. In each kind of abrasive, several particle sizes can be used. Some studies were 
developed in order to evaluate the influence of the abrasive particle shape in the micro-abrasion process. Nevertheless, the particle size was not well 
correlated with the material removed amount and wear mechanisms. In this work, slurry of SiC abrasive in distilled water was used, with three 
different particles size. Initial sur- face topography was accessed by atomic force microscopy (AFM). Coating hardness measurements were performed 
with a micro-hardness tester. In order to evaluate the wear behaviour, a TiAlSiN thin hard film was used. The micro-abrasion tests were carried out with 
some different durations. The abrasive effect of the SiC particles was observed by scanning electron microscopy (SEM) both in the films (hard material) as in 
the substrate (soft material), after coating perforation. Wear grooves and removed material rate were compared and discussed. 
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1. Introduction 
 
Abrasion is the most common wear mechanism. It is estimated 
that 50% of wear problems in industry are due to abrasion [1]. This 
phenomenon conducted some researchers to develop tribological 
testers in order to simulate the abrasion effects observed. In these 
cases, the test conditions may be as close as possible to the real 
work conditions and the test methods can be well-characterized 
and reproducible [2]. 
In order to improve the surface wear resistance, thin hard films 
are usually used. However, these coatings introduce a new tribo- 
logical behaviour due to the interface substrate/film. Depending on 
the contact geometry, some configurations like pin-on-disk, block- 
on-ring, and so on, are available. In 1991, Kassman et al. referred the 
micro-abrasion as a new test method to evaluate the abrasion wear 
behaviour of thin films [3]. Nowadays, the sphere-on-flat configu- 
ration is widely employed to test micro-abrasion wear behaviour of 
thin hard films, using abrasive slurry which is typically constituted 
by a dispersion of silicon carbide, alumina or diamond particles in 
 
 
 
 
 
distilled water. In this configuration, two wear modes can occur: 
two or three-body abrasion [4–6]. During the ball-cratering tests, it 
is necessary to ensure that either two or three-body abrasion mech- 
anisms occurs [6]. There is some evidence that more reproducible 
results can be obtained with three-body abrasion mechanism [6,7]. 
Some authors sought the best conditions in order to obtain three- 
body abrasion and well-defined craters in some specific substrates 
[8,9]. 
It has several parameters that conditioning the dominant wear 
mode in the micro-scale abrasion, as the normal load, abrasive 
concentration in the slurry, abrasive material, sample and ball 
material, abrasive particle geometry and surface condition of the 
ball [4,5,10–13]. Some efforts were developed in order to formu- 
late theoretical models to predict the wear evolution and particles 
motion during the test [6,14,15]. Other studies were carried out in 
order to correlate the particles geometry with the wear behaviour 
[16]. Some authors referred that the particle shape is the main fac- 
tor that influenced the abrasivity [17]. Some investigations were 
already done in order to compare the wear rate obtained with dif- 
ferent abrasive particle materials and different types of slurries 
[18,19]. Studies with large particles size in micro-abrasion wear 
tests were already done [20–22]. However, no comparative stud- 
ies with different abrasive particle size in the same test conditions 
were found. 
 
 
  
Table 1 
DIN CK45 composition evaluated by mass spectroscopy. 
Table 3 
PVD sputtering deposition parameters. 
 
 
 
The main objectives of this work were to study the abrasive par- 
ticles size’s influence in the micro-abrasion wear process and to 
evaluate the morphology and wear behaviour of the TiAlSiN PVD 
sputtered coatings. These films represent a natural evolution of the 
TiN and TiAlN commonly used in cutting tools and engineered com- 
ponents under severe wear conditions. Mechanical properties of the 
TiAlSiN coatings were already studied as monolayer or integrated 
in multilayered systems [23,24]. 
 
2. Experimental 
 
2.1. Substrate characterization and preparation 
 
DIN CK45 steel was selected as substrate material because it is 
easy to machine, is commonly used in machine parts and present a 
good compromise between properties and cost. This steel was used 
as received (annealed). The composition was evaluated by mass 
spectroscopy as follows (Table 1). 
Some mechanical properties of this steel were provided by 
the steel maker. The hardness was evaluated via EMCO M4U 025 
Hardness Tester provided with a Brinell tungsten carbide indenter 
with 2.5 mm diameter, using a normal load of 187.5 kgf during 5 s 
(Table 2). 
Samples  had  a  quadrangular  shape  of  25 mm × 25 mm, with 
2 mm thickness. This geometry was selected in order to turn easy 
the machining tasks, the morphological and mechanical character- 
ization and the fixation on the tribometer. After cutting, the work 
surfaces were prepared by milling and grinding. The surface was 
not polished as usually used in industrial environment. Prior to the 
TiAlSiN film deposition, the substrate surface was characterized by 
atomic force microscopy (AFM). This analysis was made with VEECO 
MULTIMODE AFM equipment (7 nm tip radius) provided with the 
NanoScope 6.13 software, respectively. The surface area used for 
the AFM analysis was 10 µm × 10 µm. Two main parameters were 
analysed: average roughness (Ra) and maximum roughness height 
(Rmax) according to DIN  4768. 
 
2.2. Samples coating process and parameters 
 
Prior to deposition process, the samples were cleaned in an 
ethanol ultrasonic bath during 20 min. After this, the samples were 
mounted in the PVD reactor, in order to suffer a sputter-cleaning 
process in the vacuum (inverting the usual polarization). After 
preparation, samples were submitted to coating process. In order 
to obtain a TiAlSiN thin film, an industrial CemeCon CC800/9ML 
PVD Magnetron Sputtering equipment was used, provided with a 
central holder in order to fasten the samples towards the four tar- 
gets involved in the deposition process. This holder was animated 
by a rotational motion during the coating process in order to pro- 
mote a better molecular distribution and homogeneous thin layers. 
Parameters used in the PVD deposition were the following ones 
(Table 3). 
 
 
Table 2 
DIN CK45 mechanical properties. 
 
 
 
 
2.3. Samples surface and wear behaviour characterization 
 
After PVD deposition, the sample surfaces were characterized 
by means of the same equipments used in the substrate character- 
ization. 
Surface moderate roughness and surface agglomerates hinder to 
take accurate nano-hardness indentations in the samples used in 
this work. Hence, some samples substrates were polished, TiAlSiN 
coated in the same PVD equipment with the same parameters and 
submitted to six nano-hardness measurements. The obtained result 
for nano-hardness is 32 ± 4 GPa. 
The film adhesion was accessed by two different  techniques: 
scratch-test and indentation. In order to evaluate the cohesive and 
adhesive failures, was used a scratch-tester CSM REVETEST not pro- 
vided with acoustic emission. The load range selected was 0–80 N 
and the load was increase at the rate of 100 N min−1. The sliding 
speed selected was 10 mm min−1. The scratch was produced by a 
diamond Rockwell indenter. Due to the surface texture, the scratch- 
tests were carried out in two different directions: parallel and 
perpendicular to the light grooves left by the grinding process. The 
grooves produced were carefully analysed by optical microscopy 
in order to understand where cohesive and adhesive failures hap- 
pen. Complementary to the scratch-tests, Rockwell indentations 
were done with the same hardness tester used to the substrate 
hardness evaluation. Indentation test were carried out with four dif- 
ferent loads: 98 N (10 kgf), 196 N (20 kgf), 294 N (30 kgf) and 980 N 
(100 kgf). Border craters results were compared with the effects 
shown in the VDI 3198: 1991 standard. 
In order to access to the film thickness, a sample portion was 
cut and subject to metallographic preparation. The thickness mea- 
surement was carried out in a cross-section view in FEI Quanta 400 
FEG scanning electron microscope. The same equipment was used 
to characterize the surface morphology. 
The wear characterization was carried out on PLINT TE-66 ball- 
cratering equipment. The rotation speed of 80 rpm (0.105 m/s) was 
used. The normal load of 0.25 N was fixed for all the tests. The 
test durations were 200 cycles, 500 cycles and 700 cycles (cor- 
responding to sliding distances of 15.71 m, 39.27 m and 54.98 m, 
respectively). For each duration and abrasive particles size, three 
runs were made. A polished ball of AISI 52100 steel of 25 mm diam- 
eter was etched in a 10% NITAL solution during 20 s, in order to 
increase its superficial roughness in order to promote entrainment 
of the abrasive into the contact area. In order to test the coat- 
ing wear behaviour under some different abrasive particles size, 
three different SiC grits were used, with the following designations: 
F800, F1000 and F1200, according to FEPA-Standard 42–2:   2006 
(6.5 ± 1 µm, 4.5 ± 0.8 µm and 3.0 ± 0.5 µm, respectively). A particle 
size distribution analysis was made, in order to understand further 
wear phenomena. Table 4 shows that the size ranges establish in the 
norm were not accomplished by the abrasives used. Abrasive parti- 
cles had the same shape and were bought at the same provider. 
The abrasive concentration was 35.4 g SiC to 100 ml of distilled 
water. 
After wear tests, samples were cleaned in water and dried. Wear 
craters were observed by optical microscopy (OLYMPUS BX51 M 
optical  microscope  provided  with  ANALYSIS  DOC  software for 
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Fig. 1.  AFM analysis of (a) the substrate and (b) TiAlSiN coating. 
 
 
 
Fig. 2. (a) SEM cross-section observations of the TiAlSiN coating thickness; (b) the film follows the substrate defects when the thickness remains the same. 
 
measurements) and scanning electron microscopy (SEM) (FEI 
Quanta 400 FEG scanning electron microscope). 
 
3. Results 
 
The roughness analysis of the substrate is presented in Table 5. 
As can be seen in Table 6, the roughness analysis of the TiAlSiN 
film presents lower values than the substrate. Observing the AFM 
results in Fig. 1, we can conclude that the PVD process creates a 
small roughness proper of the physical small particles projection, 
but this does not hold up with the average roughness or maxi- 
mum roughness height. This fact allows concluding that this set 
of parameters used in the PVD sputtering process promotes  the 
 
Table 4 
Size distribution analysis of abrasive particles. 
 
Abrasive Size (m) 
<10% <25% <50% <75% <90% Mean 
F800 1.646 3.856 5.818 7.134 9.116 5.776 
F1000 0.838 2.857 3.953 6.213 7.861 4.249 
F1200 0.151 0.348 2.244 4.294 5.900 2.573 
 
 
Table 5 
Substrate roughness analysis. 
 
 
 
 
Table 6 
TiAlSiN coating roughness analysis. 
valleys fulfilling and do not increase the peaks, despite the small 
roughness induced. 
The observation of the cross-section coating allows conclud- 
ing that the film thickness was approximately 4.5 µm and it had 
a good uniformity, as shown in Fig. 2. The PVD sputtering pro- 
cess and parameters used allows competitive films growing that 
accomplish the substrate defects, as can see in Fig. 2b. Another 
view without metallographic preparation allows the observation of 
a columnar structure, as can be seen in Fig. 3. The surface morphol- 
ogy can be seen in Fig. 4a, resulting of the SEM analysis. The surface 
presents some defects, as can be seen in Fig. 4b, which can affect 
 
 
 
Fig. 3. SEM cross-section observations of the TiAlSiN coating after mechanical frac- 
ture, showing its columnar  structure. 
Ra  (µm) Rmax  (µm) 
0.128 2.067 
Ra  (µm) Rmax  (µm) 
0.060 0.630 
  
 
 
Fig. 4.  (a) SEM morphological analysis of the TiAlSiN coating; (b) defects present in the film. 
 
the wear behaviour. These aggregates results of the preferential 
growth around some initial sputtered particles. Due to thermo- 
dynamic preferable conditions, some particles tends to grow over 
it selves, resulting in high dimension aggregates like depicted in 
Fig. 4b. These heterogeneities can be the origin of different wear 
mechanisms involved in the wear process. This phenomenon can 
be worked in the PVD parameters process, in order to minimize the 
effect. However, other film characteristics can be harmed by the 
new set of parameters. 
Scratch-tests were carried out in order to evaluate the adhesion 
between the film and the substrate. The failure mechanisms were 
analysed by optical microscopy, observing carefully the scratch 
grooves. Each failure mechanism was identified and measured the 
corresponding distance to the start point, in order to observe the 
corresponding normal load in the range of 0–80 N. The first cohesive 
and adhesive failures were registered at 17 N and 25 N, respectively. 
The results obtained in each direction were similar and were above 
the expectations, maybe due to the high film hardness and surface 
roughness. In order to complement these results, a few indenta- 
tions tests were done. Some results can be seen in Fig. 5, where it is 
possible to observe the presence of small cracks in the indentation 
border. According to the VDI 3198: 1991 standard, these results can 
be classified as “HF1” behaviour. No border spallation was verified 
in the border. The indentation results can be more accurate than the 
scratch-tests, because the lower influence of the surface roughness, 
film hardness and coating thickness and because the normal load 
increasing is slower. 
Prior to the micro-abrasion tests, the different abrasive particles 
used in this work were analysed by SEM. Its shape and size uni- 
formity can be seen in Fig. 6. As can be observed in those images, 
 
 
 
Fig. 5. Image of the cracks caused by the Rockwell indentation process at 30 kgf. 
 
 
 
the SiC F1200 abrasive particles present a wide range of particles 
size when compared with the others. In fact, the SiC F1200 abrasive 
shows a large number of low size particles mix with some parti- 
cles with similar dimensions with the SiC F1000 particles. Despite 
the provider to be the same, SiC F1000 and F800 abrasive particles 
shows higher size homogeneity. 
 
 
 
 
Fig. 6.  (a) SiC F1200 abrasive particle; (b) SiC F1000 abrasive particles; (c) SiC F800 abrasive particles. 
  
Table 7 
Micro-abrasion wear tests with SiC slurry: summarised results. 
 
Abrasive particles grade Ball revolutions Sliding distance (m) Normal load (N) Removed volume (mm3 ) 
uncoated samples 
Removed volume (mm3 ) 
TiAlSiN coated samples 
F1200 200 15.71 0.25 1.143 6.70E−03 
F1200 500 39.27 0.25 1.343 1.28E−02 
F1200 700 54.98 0.25 1.453 1.75E−02 
F1000 200 15.71 0.25 1.257 9.80E−03 
F1000 500 39.27 0.25 1.5 1.99E−02 
F1000 700 54.98 0.25 1.663 3.00E−02 
F800 200 15.71 0.25 1.313 1.17E−02 
F800 500 39.27 0.25 1.56 2.33E−02 
F800 700 54.98 0.25 1.64 2.84E−02 
 
The optical microscope wear craters observation allows deter- 
mining the scars average diameter. All the scars presented a 
quasi-uniform spherical shape. The material removed volume was 
calculated according [1,16,18] to the expression as follow: 
 
nb
4 
V ≈ 
64R 
(1) 
where V is the removed material volume, in mm3, b is the outer 
crater diameter, in mm, and R is the counter-body ball radius, in 
mm. This expression is valid only for the situation b « R. The micro- 
abrasion wear results were summarized and presented on Table 7. 
The same results were compiled by abrasive particle size and plot- 
ted in the graphics presented in Fig. 7. In these graphics, a trend 
line fitting the punctual results was drawn for each abrasive par- 
ticle size (both for uncoated and TiAlSiN coated samples), in order 
to predict the surface wear life. Table 8 presents the wear coef- 
ficients calculated based on integrated form [25] of an equation 
originally proposed by Kassman et al. [3]. Attending to the thickness 
observed, film removed volume was calculated in order to establish 
the coating wear rate taking in attention the final crater diameter 
corresponding to each test. Wear coefficient of the substrate was 
calculated taking in account the crater final diameters correspond- 
ing to the micro-abrasion tests carried out only on the uncoated 
samples. 
As can be observed in Tables 7 and 8, TiAlSiN thin films promote a 
significant increase of the surface life under severe micro-abrasion 
conditions. This fact is more evident for low number of cycles, 
when the film is compact. After the film perforation, its efficiency 
decrease, because the better wear resistance is ensuring only by 
an external ring delimited by the crater. If this ring is important in 
the beginning, the film degradation rate increase after perforation 
and the visible area of the substrate in the crater tends to increase 
quickly. This phenomenon seems as efficient as lower is the film 
adhesion to the substrate. Indeed, if the film adhesion is reduced, 
some detachments can be occurring in the crater border, helping 
the film degradation. Observing Fig. 8, it is possible to conclude that 
the adhesion of the TiAlSiN film to substrate is very good. In fact, 
the crater presented in Fig. 8a shows a circle shape very regular and 
the micro-abrasion grooves in Fig. 8b and c have some film portions 
between them, showing that the film detachment between grooves 
are not easily obtained. 
Despite the presence of aggregates on TiAlSiN films, no detach- 
ment effect was felt near or on the crater borders. However, these 
aggregates may contribute to wear process by two ways: (a) in the 
initial contact process, they are the first particles to leave the film 
and (b) these particles, depending of their size, may affect the film 
surface during the way out motion. 
Observing the three graphics presented in Fig. 7, it can be con- 
clude that the abrasive particle size affects determinedly the wear 
results and mechanisms present in the wear process. Indeed, when 
the SiC F1200 abrasive slurry promotes moderate wear results, the 
other SiC abrasives presents a similar wear rate between    them, 
but higher than SiC F1200. Also, it is possible to observe that the 
trend lines for SiC F800 and SiC F1000 presents a higher slope than 
SiC F1200 trend line. This fact allows predicting that the micro- 
abrasion wear produced by higher abrasive particle size is more 
intense than the lower dimension abrasive particles. However, the 
trend not seems linear. Indeed, the behaviour difference between 
SiC F1200 and SiC F1000 particles is similar. In some cases, SiC F1000 
particles produce higher micro-abrasion wear than SiC F800 parti- 
cles, as can be observed in the graphic present in Fig. 7b. In this 
case, for uncoated samples, the trend line slope presents the high- 
 
 
 
Fig. 7. Removed volume by micro-abrasion with (a) SiCF800 abrasive particles; (b) 
SiCF1000 abrasive particles; (c) SiCF1200 abrasive particles. 
  
Table 8 
Wear coefficients: summarised results. 
 
Abrasive particles grade Sliding distance (m) Normal load (N) Wear  coefficient 
(mm3 /N m) substrate 
Wear coefficient (mm3 /N m) 
coating 
Wear cefficient (mm3 /N m) 
substrate + cating 
F1200 15.71 0.25 0.291025 6.36E−4 1.71E−03 
F1200 39.27 0.25 0.136797 3.68E−4 1.30E−03 
F1200 54.98 0.25 0.105711 3.14E−4 1.27E−03 
F1000 15.71 0.25 0.320051 8.09E−4 2.50E−03 
F1000 39.27 0.25 0.152788 4.73E−4 2.02E−03 
F1000 54.98 0.25 0.120989 3.74E−4 2.19E−03 
F800 15.71 0.25 0.334309 9.07E−4 2.97E−03 
F800 39.27 0.25 0.158900 4.79E−4 2.37E−03 
F800 54.98 0.25 0.119316 3.90E−4 2.07E−03 
 
est value registered in this work. These facts can be indicate that the 
size of the SiC F1000 and F1200 abrasive particles is a hinge point 
and particles with higher dimension tend primordially to go round 
the contact area. 
Fig. 8 shows a generic crater shape and three different detailed 
views of the side of the crater when the abrasive particles left the 
contact. Observing the images (a–c), corresponding to the same 
wear test parameters but with different abrasive particle size used, 
it is possible to observe that exists three micro-abrasion groove 
steps, corresponding to each abrasive particle size used. It was veri- 
fied that the groove step is higher for SiC F800 abrasive particles, and 
lower for the SiC F1200. This phenomenon can be due to the initial 
particles distribution in the contact inlet area. Indeed, the first par- 
ticles that starts the micro-abrasion, draws the first grooves with an 
enough distance between them in order to sliding and rolling dur- 
ing the contact. Some of them can be captured by the ball surface, 
producing after this two-body abrasion. 
Attending to observe the images (b–d), it is possible to observe 
that the wear mechanisms involved in the micro-abrasion with SiC 
F800, F100 and F1200 are also different. In fact, large size parti- 
cles like SiC F800 seem to produce a well-defined border where 
the abrasive particles left the contact. With these particles it is pos- 
sible to observe that the wear grooves are ill-defined, suggesting 
that a three-body wear mechanism was present. In this process, 
large size abrasive particles did not draw a linear trajectory across 
the contact area, reducing the evidence of grooves. On the other 
hand, craters provoked by wear tests carried out with SiC F1000 
or F1200 show well-defined grooves, inducing to think that a two- 
body micro-abrasion wear mechanism is the predominant process. 
This process seems to allow a better abrasive particles trajectory. 
 
 
 
Fig. 8. (a) Crater aspect after 500 cycles with SiC F800 slurry; (b) exit particles border of the crater detailed view after 500 cycles with SiC F800 slurry; (c) exit particles border 
of the crater detailed view after 500 cycles with SiC F1000 slurry; (d) exit particles border of the crater detailed view after 500 cycles with SiC F1200 slurry. 
  
In this case, some abrasive particles could be embedded in the ball 
surface, producing parallel grooves in the sample surface. This fact 
corroborates the idea that SiC F1000 represents a particle size that 
can be inflecting the wear behaviour in the micro-abrasion of the 
thin films tribological systems. 
These micro-abrasion results allows to observe that (i) small size 
particles enter more easily in the contact area and the way drawn 
is more lineal (ii) the load is carried by a large number of particles 
when these are smaller, decreasing the load carried per   particle 
(iii) large size particles tend to outline the central point of contact, 
also hindering the entrainment of the particles into the contact (iv) 
a smaller number of big particles provokes a larger need of these 
they leave the contact originating a random pathway of the particles 
mainly near the crater exit border and (v) the F800 abrasive present 
a large interference among particles across the contact hindering a 
lineal pathway of the same ones. 
 
4. Conclusions 
 
After concluding this work, the following conclusions can be 
drawn: 
 
• TiAlSiN films obtained by PVD magnetron sputtering show a very 
good adhesion to the steel substrate. The results were confirmed 
by indentation and wear grooves shape. 
• The wear behaviour of these films is good, but not as good as 
expected. However, the wear resistance was increased substan- 
tially. 
• SiC F800 abrasive slurry shows to drive to three-body wear mech- 
anisms, with ill-defined surface grooves. In this case, the abrasive 
particles pathway is more irregular due to its large size. 
• SiC F1000 and F1200 abrasive slurries show a different behaviour, 
with perfectly defined surface grooves, suggesting a two-body 
micro-abrasion wear mechanism. 
• It is clear that larger particles as F800 has a different behaviour 
across the contact: the particles entrance is more difficult, a 
smaller number of particles carry the normal load (higher load per 
particle) and the particles tend to leave the contact more easily 
and with a random pathway. 
• The smaller particles tend to present a lineal pathway with more 
particles carrying the normal load and with a more lineal pathway 
that originates the well-defined grooves referred above. 
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